Abstract. The use of spatially explicit fire spread models to assess fire propagation and behaviour has several applications for fire management and research. We used the FARSITE simulator to predict the spread of a set of wildfires that occurred along an east-west gradient of the Euro-Mediterranean countries. The main purpose of this work was to evaluate the overall accuracy of the simulator and to quantify the effects of standard vs custom fuel models on fire simulation performance. We also analysed the effects of different fuel models and slope classes on the accuracy of FARSITE predictions. To run the simulations, several input layers describing each study area were acquired, and their effect on simulation outputs was analysed. Site-specific fuel models and canopy inputs were derived either from existing vegetation information and field sampling or through remote-sensing data. The custom fuel models produced an increase in simulation accuracy, and results were nearly unequivocal for all the case studies examined. We suggest that spatially explicit fire spread simulators and custom fuel models specifically developed for the heterogeneous landscapes of Mediterranean ecosystems can help improve fire hazard mapping and optimise fuel management practices across the Euro-Mediterranean region.
. In Mediterranean landscapes, the occurrence of large fires is mainly attributed to the presence of severe and extreme meteorological conditions (strong wind, heat weaves, etc.) and the manner in which fire propagates (i.e. crown fires, spotting) compared with smaller fire events (Pereira et al. 2005; Viegas et al. 2009; Dimitrakopoulos et al. 2011) . As wildfires are increasingly affecting human and ecological resources, interest in developing new wildfire risk assessment methodologies and tools based on fire behaviour modelling has risen in recent years (Miller and Ager 2013) .
Wildland fire behaviour modelling has its origin back in the early 20th century and encompasses a range of various mathematical approaches, which assemble a collection of equations for the estimation and prediction of fire spread and behaviour at different spatiotemporal extents and settings (Pastor et al. 2003) . Though fire models can be described according to different factors (nature of the equations, variables included, physical system modelled, etc.), they are commonly classified into three broad categories: (i) physical and quasi-physical models; (ii) empirical and quasi-empirical models; and (iii) simulation and mathematical analogue models (Sullivan 2009a; Sullivan 2009b) . Each of these categories has some advantages and disadvantages, depending on the computational effort, accuracy, transferability, robustness, data demands and costs. Yet, in recent years, significant efforts have been concentrated on developing numerical simulation techniques to allow the expansion of existing one-dimensional linear models to two-or threedimensional models of fire spread across the landscape (Finney 1998 (Finney , 2002 Linn et al. 2002; Linn et al. 2007; Sullivan 2009b) . The capability of different fire spread models and simulators to support fire management in Mediterranean Europe has been investigated by several authors (Arca et al. 2007a (Arca et al. , 2007b Duguy et al. 2007; Carmel et al. 2009; Filippi et al. 2010; Papadopoulos and Pavlidou 2011; Paz et al. 2011; Santoni et al. 2011; Hollingsworth et al. 2012; Salis et al. 2013 Salis et al. , 2014 Salis et al. , 2015 Salis et al. , 2016 Alcasena et al. 2015 Alcasena et al. , 2016 Kalabokidis et al. 2015; Mitsopoulos et al. 2015) . Among the various approaches, the FARSITE fire area simulator (Finney 1998 ) is probably the most widely used fire simulation system for single fire events, as it is able to perform spatially and temporally explicit simulations of fire spread and behaviour, is user-friendly and is freely available. This simulator extends the capabilities of pointbased models such as the BEHAVE Fire Behaviour Prediction and Fuel Modelling System (Andrews 1986) , originally developed from the semi-empirical surface fire spread model of Rothermel (1972) , to calculate fire propagation and behaviour in two dimensions or across a landscape. The description of the simulator equations as well as the limitations and assumptions of the modelling methods used in FARSITE are reported in several works (Finney 1998; Stratton 2006) .
In a landscape, as there are numerous potential combinations of vegetation types, characteristics and succession stages, and it is almost impossible to characterise all possible combinations, the most common approach used for fire-spread modelling is to generalise and characterise fuels into a finite number of fuel models (Keane et al. 2001; Cai et al. 2014) . A fuel model is an identifiable association of forest fuel components of distinctive species, form, size, arrangement and continuity that will exhibit characteristic fire behaviour under defined burning conditions (Anderson 1982) . In recent years, much effort has been dedicated to developing an alternative to standard fuel models (Deeming et al. 1972; Anderson 1982; Scott and Burgan 2005) . In fact, although FARSITE provides reliable results in fire behaviour modelling over landscapes containing fuel types consistent with the original standard fuel models of Anderson (1982) and Scott and Burgan (2005) designed for US fuel types, extrapolation to other ecosystems is not always an easy and reliable task and can result in biased outputs (Pastor et al. 2003; Arca et al. 2007b; Arroyo et al. 2008; Jahdi et al. 2015 Jahdi et al. , 2016 . Several customised fuel models have been recently developed to better represent the fuel characteristics of the Mediterranean vegetation in Greece (Dimitrakopoulos 2002) , the medium-height (maquis) and low and degraded shrublands (garrigue) communities in Italy (Arca et al. 2007b (Arca et al. , 2009 , the shrub vegetation in Turkey (Bilgili and Saglam 2003; Saglam et al. 2008) , Pinus pinaster stands in Portugal (Fernandes 2001; Cruz and Fernandes 2008) , and the grass, shrub and canopy fuel types in Spain (De Luis et al. 2004; Rodríguez y Silva and Molina-Martínez 2012; Vega-Garcia et al. 2014) . Previous studies conducted using fire behaviour modelling suggested that site-specific fuel data could increase the accuracy of predicted fire behaviour over standard fuel models (Miller and Yool 2002; Arca et al. 2007b; Cheyette et al. 2008; Mutlu et al. 2008; Salis 2008; Cai et al. 2014 ). Yet only few works have tested the robustness and accuracy of the fire simulation process with actual recent fires that occurred in the Mediterranean Basin (Arca et al. 2007b; Paz et al. 2011; Salis et al. 2013) .
Fire spread and behaviour are also affected by topography, because fires spread more quickly upslope and more slowly downslope; nevertheless, terrain has a significant influence on wind flows. Overall, fire spread models based on Rothermel's equation (Rothermel 1972) are not able to capture the coupled effects of topography and wind on fire propagation and behaviour in complex areas (Weise and Biging 1997; Santoni et al. 1999; Finney 1998; Viegas 2004; Viegas and Pita 2004) . To address the wind-terrain limitations for several fire spread models, the use of mass-consistent wind models can allow for wind flow as a spatially and temporally variable input across a study area or allow the determination of preferential local wind patterns based on local conditions (Carvalho et al. 1997; Werth et al. 2011; Forthofer et al. 2014a Forthofer et al. , 2014b .
The validation of spatially explicit fire behaviour simulations is a complex task, and most fire behaviour studies do not provide any statistical estimate of the agreement between modelled and observed fire perimeters and behaviour, mainly owing to the difficulty of accurately describing the observed fires (Fujioka 2002; Paz et al. 2011; Jahdi et al. 2016) . Nevertheless, to incorporate fire spread simulation in operational workflows, it is crucial to increase the model accuracy by suitable validation. The validation of modelled fire behaviour results allows a timely calibration before a fire event or incident, thus increasing the potential for applicability (Hollingsworth et al. 2012) .
In the present work, we used the FARSITE simulator to predict the spread and behaviour of a set of wildfires that occurred along an east-west gradient of the Euro-Mediterranean countries. The main purpose of this study was to evaluate the overall accuracy of the simulated fire perimeters in complex and heterogeneous Mediterranean landscapes and to compare the accuracy of the simulations performed with standard and customised fuel models. Then, we analysed the effects of fuel models and slope classes on both fire spread and behaviour indicators as well as on simulation accuracy.
Materials and methods

Description of the case studies
The case studies cover a wide gradient of different weather conditions, topography, vegetation types and fire size across the Mediterranean Basin (Table 1 Fig. 1 ). We analysed wildfires of different size, including: two very large fires that burned more than 7000 ha (Nuoro and Attica); three large fires, ranging from 1000 to 4000 ha (Penteli, Hurdes and Lochiri); and seven medium-large fires that burned between 70 and 600 ha (Table 1) . For all the case studies, fire duration was considered as the temporal interval between fire ignition and the end of active fire suppression activities, without taking into account mop-up operations, and fire size reflected the perimeter burned in this interval. The majority of the fires analysed lasted less than 24 h. The Hurdes wildfire was the only one that spread actively for almost 5 days. With the exception of Monte Doglia, which took place at the end of May, the case study fires were ignited in July or August, which is the peak fire season in the Mediterranean Basin (Table 1) . Overall, the fires mostly affected Mediterranean shrublands, but herbaceous and wooded pastures were also burned in several cases (Table 1 and Table S2 in the online supplementary material). Though the main vegetation types were similar, each study area revealed specific fuel characteristics in terms of fuel load and depth, surface area-tovolume (SAV) ratio, and other variables as specified in Table S3 ). The information and data on the actual fires investigated in this study were provided by the local fire managers and Forest Services.
Fire spread and behaviour simulations
Fire simulations were performed using the FARSITE simulator (Finney 1998 ) in order to obtain spatial and temporal simulations of fire spread and behaviour for each case study. The required geospatial input layers describing the landscape were processed, analysed and assembled into the landscape file (LCP) within a Geographic Information Systems (GIS) environment (ArcMap 10; ArcFuels 10, Ager et al. 2011) . All the information and data related to fire perimeters and spread were provided by the local fire managers. We set the resolution of the landscape layers at 50 m for the very large fires (Nuoro and Attica), at 25 m for the large fires (Penteli, Hurdes and Lochiri), and at 10 m for the medium-large-size case studies (the remaining seven case studies). These resolutions were considered sufficiently accurate to ensure reliable and realistic wildfire simulations, especially considering the spatial resolution of the input themes used to feed the simulator. Terrain data (elevation, slope and aspect) were derived from digital elevation models (DEM), whereas surface fuel and canopy cover maps were derived either from existing vegetation and land-use maps (e.g. Corine Land Cover, EEA 2002) or from sitespecific mapping based on aerial photographs or satellite imagery (e.g. http://earthexplorer.usgs.gov, accessed 29 June 2016). The standard surface fuel models used for the simulations were those developed by Anderson (1982) and Scott and Burgan (2005) . The selection of the standard fuel models for the simulations was based on the similarity to actual fuels in terms of general fire-carrying fuel type, fuel properties (e.g. depth, live fuel load, compactness), photo-guides and expected fire behaviour. A set of custom fuel models (see Table S3 and Fig S1) was also developed by using field data collected for most case studies.
For each case study, we performed a set of preliminary FARSITE simulations using different standard fuel models, as well as customised fuel models. In the present work, we only describe the results obtained by the most accurate simulations (as measured by Kappa and Sorensen indices) obtained using specific combinations of standard and customised fuel models for each case study. The standard and custom fuel model codes, as well as the custom fuel data used as input for the FARSITE simulations presented in this work, are reported in Tables S2 and  S3 . Further, the canopy fuel information required to model crown fires, including stand height (m), crown base height (m) and crown bulk density (kg m À3 ), were provided by the national forest inventory systems (e.g. Italy, INFC 2005; Spain, Ministerio de Agricultura 2007), derived from field sampling or estimated by regression equations based on forest stand parameters (Mitsopoulos and Dimitrakopoulos 2014) . The initial values of fuel moisture content as well as the other fuel variables (SAV ratio, heat content, moisture of extinction, etc.) were determined for each case study considering the values of the standard fuel models and the most relevant studies conducted in Mediterranean areas (Dimitrakopoulos 2001; Dimitrakopoulos and Panov 2001; Arca et al. 2007b Arca et al. , 2009 Duguy et al. 2007; Pellizzaro et al. 2007; Salis et al. 2015) . When available, fuel data collected during specific sampling campaigns were also used. In more detail, fuel moisture values for live and dead fuels were set empirically based on field sampling, mostly performed some days after the wildfire event.
The moisture values of the fine dead fuel (,0.6 cm in diameter), expressed as percentage of dry weight, ranged between 3 and 35%, and were below 10% for most of the fires studied. The moisture values of the live woody components ranged between 70 and 130%, with the lowest values observed in the shrubland fuel types of Sardinia. Herbaceous fuels were considered fully cured, with the exception of irrigated areas (e.g. Vall de Gallinera).
The wind data observed in the closest weather stations to each wildfire, as well as the elevation data and the dominant vegetation of the modelling areas, were provided as inputs to the mass-consistent model WindNinja (Forthofer 2007; Forthofer and Butler 2007; Forthofer et al. 2014a Forthofer et al. , 2014b to generate raster grids of wind speed and direction (on an hourly basis and at 2-m height) for use in FARSITE simulations.
Concerning the FARSITE simulation parameters, we set the resolution of perimeter and distance calculations in the range 10-50 m, and fire spread isochrone projections from 10 to 30 min, depending on the size of the study area, to ensure a satisfactory resolution level for the projections of fire perimeters. The local fire managers reported spot fire phenomena for five case studies (Lochiri, Nuoro, Attica, Hurdes and Vall de Gallinera): spot fires were simulated from torching trees for passive and active crown fire as implemented in the FARSITE simulator (Albini 1979) . Based on the interviews and data gathered from the various Forest Services, the spot fire ignition frequency was set between 1% (Hurdes) and 5% (Vall de Gallinera), while the spot fire ignition delay was in the range between 0 and 2 min after firebrands landing. For the case studies of central Spain, a set of barriers was defined using FARSITE functionalities in order to consider the terrestrial and aerial attacks that were reported as effective in stopping wildfire spread. The decision of using barriers only for these case studies was related to the availability of accurate information and localisation of the areas where suppression activities were able to efficiently block the fire spread. For the other case studies, either this information was absent or inaccurate, or the suppression activities were not able to block fire propagation.
We gathered a set of FARSITE outputs, which were (1) the contours of the simulated partial and final fire perimeters, and (2) the grid files of the simulated fire behaviour corresponding to time of arrival (h), rate of spread (m min À1 ), rate of size growth (ha h À1 ) and flame length (m).
Assessment of the accuracy of simulations
We assessed the accuracy of fire perimeters of the FARSITE simulations performed with standard and custom fuel models in each study area. Additionally, the performance of the most accurate simulation for each case study was analysed across the different fuel models, as well as within different slope ranges. For this purpose, we first calculated an error matrix between actual and simulated burned areas to define the frequency of each case (presence or absence of burned areas) (Fig. 3) . Then, Table 4. we used two statistical indicators of accuracy derived from the error matrix: Cohen's kappa coefficient (KC, Congalton 1991) , and the Sorensen coefficient (SC, Sorensen 1948) . KC is a non-parametric measure of classification accuracy that allows evaluation of the overall agreement between simulated and actual burned areas after chance agreements are removed. KC is given by:
where r is the number of rows in the error matrix, N is the total number of observations, x ii is the number of observations in row i and column i, and x iþ and x þi are the marginal totals of row i and column i respectively. KC values range between zero and one, with perfect agreement when KC equals 1 (Table 3) . The significance of the coefficient KC was evaluated with the Z-test, in order to assess if the classification derived from the error matrix was significantly better than chance agreement (Salis 2008) . The non-parametric test of McNemar (Agresti 1996; Foody 2004) , based on the chi-square distribution, was then used for evaluating the significance of the difference in KC between custom and standard fuel model simulations (Table 3) . SC is an asymmetric statistical index derived from the error matrix and computes the portion of similarity between two The results refer to the simulations performed using the custom fuel models. BA, Burned Area. samples. It indicates the exclusive association between the two areas burned (observed and simulated), and is calculated as:
where a is the number of cells coded as burned in both observed and simulated data, b is the number of cells burned overestimated by the simulation, and c is the number of cells burned underestimated by the simulation. SC ranges between 0 and 1, with values closest to one indicating the highest agreement, whereas 0 means no agreement (Table 3) .
KC is frequently used to perform accuracy assessment and evaluate land-use or other spatial classifications. Yet it is influenced by landscape size, as it varies with the dimension of the study area. For this reason, when preparing the landscape file for each case study, we established that the burned-area category should range between 15 and 25% of the whole study area, so that the unburned areas agreement affected the results in a similar way in all case studies. Moreover, we delimited the study areas taking care that the simulated wildfires did not spread beyond the landscape boundaries. Therefore, the SC and KC metrics were independent of the landscape size and SC contributed to strengthening the simulation accuracy assessment.
In order to analyse the main source of error (overestimation or underestimation) of FARSITE simulations, starting from the error matrix, we derived an overestimation index (OI), which was calculated as follows:
This index ranges between 1 and À1, with the highest values associated with major errors of overestimation, and the lowest with underestimation. OI values close to 0 indicate limited differences among overestimated and underestimated cells. Data about partial fire perimeters, rate of spread (ROS) and flame length (FL) observed during the actual fires were obtained from fire reports, pictures collected during the events and interviews. These data only permitted localised comparisons with the simulated values. The comparison between observed and simulated fire spread was performed considering the average rate of fire area growth. Further, the average rate of spread in the fire front, the maximum ROS (m min
À1
) and average and maximum FL (m) were computed for all case studies based on FARSITE outputs.
Results
All simulations estimated the spatial extension of burned areas better than random chance (P ¼ 0.01, Table 3 ). In almost all case studies, the use of custom fuel models improved the performance of FARSITE in predicting fire spread when compared with standard fuel models (Table 3, Fig. 3 ). In particular, the wildfire simulations performed using custom fuel models resulted in a significant increase in fire area accuracy (McNemar chi-square, P ¼ 0.01) when compared with standard fuel models, with the exception of the case studies of Collado and Navalmoral, where no significant statistical differences and significant differences only at P ¼ 0.05 were observed respectively (Table 3 ). The largest improvements in the accuracy (30-36% in terms of KC, 26-33% in terms of SC) of the simulated fire areas when using custom fuel models instead of standard ones were observed for the case studies of Alexandroupoli, Attica, Monte Doglia and Vall de Gallinera (Table 3) . In the case studies where the custom models covered only small areas compared with the whole area burned (Hurdes, Collado, Navalmoral and Fresnedoso de Ibor), the difference in both KC and SC between custom and standard fuel model simulations was limited to 2-5% (Table 3 ). In the remaining case studies, the custom models led to less pronounced improvements of accuracy (15-25% in terms of KC, 9-22% in terms of SC) ( Table 3) .
In most cases, the use of standard fuel models resulted in a larger overestimation of the burned areas (e.g. simulations with standard fuel models: OI ¼ 1 in five case studies; simulations with custom fuel models: OI ¼ 1 in two case studies), with the exception of the Budoni fire, where the use of standard fuel models caused a large underestimation of the area burned and OI equalled À1 (Table 3 ). The simulations with standard and custom fuel models resulted in similar OI values in the case studies of Lochiri and Hurdes. Moreover, the custom fuel models provided an underestimation only in the case studies of Penteli (OI ¼ À0.47) and Nuoro (OI ¼ À0.14) (Table 3) . In Monte Doglia, Vall de Gallinera, Attica and Alexandroupoli, the final size and growth rates of the simulated fires using the standard fuel models were more than double compared with the custom models. Only for three case studies (Nuoro, Budoni and Collado), the standard models produced fire growth rates and final sizes smaller than those obtained using custom models.
As mentioned above, custom fuel models used in FARSITE simulations gave better results compared with standard fuel models, with substantially better agreement with the observed fire area in most of the case studies (11 out of 12) as indicated by the SC and KC indices (Tables 2 and 3; Fig. 3 ). For this reason, in order to describe the effects of fuel models and slope classes on fire spread and behaviour, the results obtained using only custom fuel models are presented hereafter (Tables 4 and 5 ).
The average ROS of the simulated fire front showed different mean values depending on the case study (Table 4 (Table 4 , Fig. 4 ) were higher than 10 m for the Spanish case studies of Collado, Navalmoral, Fresnedoso de Ibor and Hurdes: this was related to the use of barriers for the simulations of these events, to account for firefighting intervention. The barriers were located in areas where firefighting intervention was reported as safe and effective in stopping fire spread, and in low-moderate fire intensity zones; thus, lower-intensity areas were selectively eliminated from the fire area by suppression activities. In the other case studies in which barriers were not used, clear differences in FL estimates among simulations were observed, with the highest values simulated in the Lochiri and Nuoro fires (average FL . 5 m). The lowest average FL values were obtained in Vall de Gallinera (1.8 m) and in Alexandroupoli (2.4 m) events. The comparison among simulations, summarised for different fuel type classes and slope ranges, showed that all simulations estimated the spatial extent of burned and unburned areas better than random chance at P # 0.01 (Tables 3 and 4) , with the exception of some minor fuel types. Except for fuel models covering very small areas, KC and SC values were above 0.50 for most of the fuel models used (Table 4 ) and the lowest agreement between actual and simulated fires in terms of fuel types was observed in the case study of Collado for 'Holcus grasslands' (FM2) (KC ¼ 0.31; SC ¼ 0.39) and 'High Cytisus scoparius shrubs' (FM4) (KC ¼ 0.16; SC ¼ 0.24), both of which showed errors of overestimation (OI $ 0.99) (Table 4) ; also, 'Agricultural areas with significant natural vegetation' (GS1) in the case study of Vall de Gallinera showed very low KC and SC values (KC ¼ 0.02; SC ¼ 0.02) due to underestimation errors (OI ¼ 1.00). Other fuel types that presented relatively low KC and SC values were shrublands (FM4 in Fresnedoso de Ibor, CMS3 in Lochiri), forest understorey (CMS6W in Nuoro) and agricultural areas (CMA4 in Alexandroupoli) ( Table 4 ). The limited agreement between observation and simulation for these fuel types can be explained by an inappropriate assignment of fuel model characteristics, an incomplete description of the suppression activities and the limitations of Rothermel's model. In several cases, the fuel types with a predominance of herbaceous vegetation presented average ROS values higher than the other types, and were also distinguishable by a significantly lower average FL value (Table 4 ). In contrast, conifer and broadleaf understorey types were characterised by lower average ROS values and higher average fire intensity than grasslands in almost all cases. High and dense shrublands (e.g. CME5; FM4) were, however, characterised by relatively high ROS and FL, especially in some case studies: this was due to the characteristics of such fuel types (low live fuel moisture, high fuel load and depth) and to the steep and degraded areas they occupy.
Regarding slope, FARSITE simulations did not show an evident relationship between slope classes and simulation accuracy (Table 5 ). For instance, excluding slope classes covering small areas, in some cases the most accurate SC and KC values were obtained for slopes greater than 258 (Attica, KC ¼ 0.73; SC ¼ 0.85; Hurdes, KC ¼ 0.79; SC ¼ 0.83), whereas in others, the best performance was obtained for flat areas (Lochiri, KC ¼ 0.61; SC ¼ 0.73; Vall de Gallinera, KC ¼ 0.75; SC ¼ 0.77) (Table 5) . Furthermore, an unequivocal relationship between the slope class and the average or maximum ROS and FLI values was not observed, except for the Monte Doglia and Attica fires, where the average ROS increased with slope (data not shown). The lack of relationship among slope classes, ROS and FL is due to the fact that in our analysis, we did not take into account the fire spread direction, which determines relevant effects in terms of fire behaviour (e.g. backing fire downslope vs heading upslope).
Discussion
The present work illustrates the results obtained using the FARSITE simulator in quite a large set of historic fires along a transect of fire-prone southern European areas. Even if the number of fire events analysed in this study still does not fully represent the complexity of fire conditions and vegetation in the Mediterranean basin context, the broad gradient of the events considered highlights the potential for applying spatially explicit fire modelling in Mediterranean environments. Overall, modelling fire spread and behaviour is a complex task owing to a set of factors, including spatial and temporal heterogeneity in weather and fuels and fire suppression effects on fire propagation (Mutlu et al. 2008; Alexander and Cruz 2013; Taylor et al. 2013; Jahdi et al. 2015) . Several previous studies validated fire spread simulators by comparing simulated fire propagation against historical fire data (Perry 1998; Fujioka 2002; Arca et al. 2007b; Filippi et al. 2014; Milne et al. 2014; Jahdi et al. 2015) . With regard to fuels, several studies have stressed the inadequacies and limitations of the use of standard fuel models in areas different from those in which they were developed and tested, and suggested the need for developing custom fuel models to produce more reliable predictions with fire simulators (Pastor et al. 2003; Arca et al. 2007b) . Our work confirmed that the accuracy of FARSITE predictions can be improved by using custom fuel models. This was observed in most of the case studies, as the set of custom fuel models we applied provided a more realistic and accurate representation of the structural characteristics of the Mediterranean vegetation types, generating an increase in the accuracy of simulation results with respect to standard fuel models (Table 3 ). In fact, in those case studies where the customisation of fuel models was minimal (e.g. central Spain case studies), the accuracy of the simulations was lower than for the other case studies (Table 4) . The improvement of the FARSITE performance driven by the use of custom models generally resulted in a reduction of overestimation errors (Table 4) , owing to a better description of the local fuel characteristics. Though in each case study, fire behaviour and spread were affected by an array of site-specific driving factors (e.g. wind speed and direction, topography, fuel moisture), our results suggested relevant differences among the main fuel types in terms of predicted ROS and FL (Table 4) . Overall, the highest ROS values were observed in areas covered by herbaceous vegetation, which were, however, characterised by low FL values (Table 4 ). In contrast, shrubs and forest vegetation types presented lower average ROS values but higher fire intensity, with the exception of some case studies where shrublands were located in steep areas and more exposed to wind. Although the case studies analysed were characterised by a complex range of fuel, topography and weather factors under which the fires burned, the values of fire spread rate and intensity obtained by FARSITE simulations for shrubland and herbaceous fuel types are similar to those reported in previous empirical studies conducted in Mediterranean ecosystems (Cruz and Viegas 1998; Massaiu 1999; Fernandes et al. 2000; Fernandes 2001; Bilgili and Saglam 2003; De Luis et al. 2004; Saglam et al. 2007; Ascoli et al. 2007; Diana et al. 2011; Anderson et al. 2015; Arca et al. 2015) . We observed that FARSITE had a slightly weaker performance, as measured by SC and KC values, in areas with steep slopes (.258) in comparison with flat areas, mainly owing to the overestimation of the actual burned surfaces (Table 5 ). This is in agreement with the findings of other work, which highlighted the complexity of fire propagation on steep slopes and in canyons (Viegas and Pita 2004; Viegas 2006; Sharples et al. 2012; Raposo et al. 2015) . Mass-consistent wind models can positively influence fire simulation accuracy (Arca et al. 2007b; Salis 2008; Forthofer et al. 2014a Forthofer et al. , 2014b . In our work, this approach was applied for all case studies, and fire simulation errors in steep areas were likely reduced through the use of a mass-consistent wind model (WindNinja) that describes wind fields in complex areas better than constant winds, because it accounts for the effects of topography on wind direction and speed (Forthofer 2007; Finney et al. 2009 ).
The fire behaviour descriptors predicted by the modelling approach proposed can support decision-making in local and regional fire prevention, monitoring and suppression plans. In addition, the data (burn probabilities, fire intensity, etc.) provided by the application of spatially explicit simulations based on different weather and landscape scenarios can guide fire management agencies in planning fuel treatment actions and locating fire-towers, water tanks and other available firefighting resources (Ager et al. 2010; Wu et al. 2013; Vogler et al. 2015; Salis et al. 2016) ; in near-real-time applications, these outputs may also be useful in the short-term prediction of fire growth or hazard mapping (Hollingsworth et al. 2012) .
These simulation models, which allow spatial and temporal characterisation of fire spread and behaviour, can also be used as a tool for training and education purposes, as well as for interpreting historic fires, evaluating firefighting operations and tactics, and detecting strengths and weaknesses of specific suppression activities Salis et al. 2016) . The abovementioned output data can be integrated within a GIS to provide geospatial information on topography, fuel characteristics and weather, thus allowing detailed visualisation and in-depth analysis of fire simulation results and landscape fire behaviour analyses (e.g. Wildland Fire Decision Support System, http://wfdss.usgs.gov/wfdss/WFDSS_Home.shtml, accessed 29 June 2016). Furthermore, the development of reliable fire behaviour simulations such as those carried out in the present work can help foster collaboration among national fire-management authorities during major fire events, when firefighting resources are often transferred across countries, and thus facilitate coordinated fire suppression efforts. The characterisation of landscapes through a deeper knowledge of the properties of their fuel types, and the interactions between fuels and fire spread and behaviour can substantially help managers to perform risk evaluations and identify the most critical locations. Many studies have concluded that fuel management projects designed at a landscape scale have the potential to reduce fire intensity or burn probability, and to assist suppression efforts: fire spread models play a key role in this purpose (Duguy et al. 2007; Ager et al. 2010; Safford et al. 2012; Miller and Ager 2013; Ager et al. 2014b; Salis et al. 2016) .
The availability of fire spread and behaviour simulators calibrated and validated for the vegetation characteristics of Mediterranean fire-prone ecosystems and landscapes may foster optimised designs of common fuel management practices across the Euro-Mediterranean region (Curt et al. 2013; Duguy et al. 2013; Salis et al. 2013 Salis et al. , 2016 Alcasena et al. 2015 Alcasena et al. , 2016 . This would represent a crucial task for mitigation and adaptation strategies under climate change scenarios, for which the use of fire-spread modelling may play a relevant role in predicting future fire spread and behaviour, following a probabilistic approach, in areas deemed to be at high risk or highly valued.
Conclusions
In the present work, we evaluated the performance of the FARSITE simulator to predict the spread of a set of recent wildfires with different sizes occurring along an east-west gradient of the Euro-Mediterranean basin. Despite the inherent limitations and assumptions of the modelling approach, we showed that FARSITE provided realistic results in most of the case studies analysed. The experimental results confirmed the significant role played by the fuel model characteristics and slope classes on the simulated fire spread and behaviour, namely in terms of fire perimeters and size, ROS and FL, but also in terms of accuracy with respect to the actual events.
A set of customised fuel models mainly related to Mediterranean shrubland vegetation was also provided in this study. The use of the custom fuel models specifically developed for each site improved the accuracy and the reliability of the simulations in comparison with the application of standard fuel models. The whole methodology presented can be replicated for other Mediterranean areas and elsewhere to characterise fine-scale fire spread and behaviour and map fire hazard. Such an approach provides useful data to improve both short-term fire management and long-term strategic forest management activities, also from a perspective of future global changes. Moreover, it may inform fuel management practices and firefighting suppression strategies across the Euro-Mediterranean region.
